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FOREWORD 

The studies presented in this report were sponsored by the 

National Aeronautics and Space Administration under Contract No. 

NASr- lo9 as par t  of a general  study of nonequilibrium gasdynamics 

related to propulsion sys tems.  
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LIST O F  SYMBOLS 

44 
Ad' 

AJD 
F 
M , J 

I 
t -J% 

intensity of radiation of frequency 3 a t  source 

intensity of source radiation signal a t  frequency d 
af te r  attenuation 

absorption coefficient of gas at Pine center  and frequency 
3 for  case  of Doppler broadening 

absorption coefficient of gas at line center  cor rec ted  
for  Doppler and Lorentz broadening 

par t ia l  p re s su re  of atomic hydrogen 

path-length through which radiation absorption takes  place 

variable distance f r o m  point 3 -  Jo ; a variable over which 
integration is taken 

natural  half-breadth of the line 

Lorentz  half-breadth of the line 

Doppler breadth of the line 

osci l la tor  strength of the line 

molecular o r  atomic weight of absorbing species  

wave number,  in c rn-19  of line center  

tempera ture  in OK behind incident shock 

relaxation t ime;  defined a s  time required for  I, to 
attenuate to  I e 

concentration of H2 a t  t ime = 0 

concentration of H a t  t ime t in moles / cc  

total concentration of all species a t  t ime t in moEes/cc 

fraction of start ing concentration of H 

specific dissociation rate  constant 

o/  

in moles / cc  

2 

dissociated = 1 - c/c, 2 

specific recombination rate constant 
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P 

E 

u(. 2) 
rG 

Note : 

mole-fraction of H 

particle t ime of gas behind incident shock 

oscilloscope o r  laboratory time behind incident shock 

fract ion of H molecules dissociated a t  t ime Z,. and a t  2 equilibrium, r e  spec t ively 

probability factor of reaction ra te  theory 

activation energy 

velocity of gas-flow relative to shock wave divided by 
velocity of shock wave 

electronic f i l ter  t ime constant 

in  starting gaseous mixture  2 

Arabic numbers  re fer  to mathematical  relations 

Roman numera ls  r e fe r  to chemical reactions. 
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ABSTRACT 2.2 w’ 
The ra te  of formation of atomic hydrogen behind an incident shock 

wave in hydrogen-argon mixtures  has  been followed direct ly  by means of 

atomic absorption spectrophotometry. The absorption involved the strong, 

resonance transit ion of the hydrogen atom f rom i ts  ground s ta te  to  the 

f i r s t  excited level. The development of a cool, low p r e s s u r e  source of 

Lyman o( radiation was required s o  that the half-width of the source line 

could be considered thin when compared with that of the same line in 

absorption a r i s ing  f rom the hydrogen atoms behind the shock front.  Pre- 

l iminary r a t e s  have been calculated and provide evidence f o r  dissociation 

catalyzed by oxygen. C d  
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I. INTRODUCTION 

The present  report  descr ibes  the application of atomic resonance 

absorption spectrophotometry (hereafter a. r .  a .  s .  ) to  the d i rec t  measu re -  

ment of the changing concentration of atomic hydrogen behind shock waves.  

This has  been achieved 

ar is ing f rom the electronic transit ion of the hydrogen atom f r o m  i t s  ground 

s ta te  to  the f i r s t  excited level. 

and occurs  well down in the vacuum ultraviolet region of the spec t rum a t  

1215. 7A. 

tangular c r o s s  section, shock tube. 

to  make use  of the improved accuracy provided by the high sensitivity of 

a .  r .  a .  s .  t o  atomic hydrogen concentration, the low sensitivity of the 

atomic spectrum to temperature  and pressure changes and the fact that 

the technique is specific with respect  to following the reaction product 

i tself .  

niques previously used for  hydrogen rate measurements ,  the nature and 

status of which a r e  reviewed l a t e r  in this section. 

1 by making use of the intense optical absorption 

This transition is known as Lyman oc 

0 

The atomic hydrogen was produced behind a shock wave in a r e c -  

This approach was undertaken in o r d e r  

These combined advantages a r e  not available in any one of the tech- 

A significant par t  of the evolution of the technique involved the 

development of a continuously operating, intense but cool source of Lyman 

o( 

hydrogen a toms in the shock tube. 

br ings the development of the technique to  a point where feasibility is 

shown and prel iminary rate  measurements a r e  described and interpreted.  

A br ief  description of the his tor ical  background and theoret ical  considerations 

is presented f i r s t  in the following sections. 

radiation which could be readily absorbed by the transit ion of the 

The investigation a s  described here in  

1 AD- 1689-A-3 
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Dissociation Kinetics of the Homonuclear Diatomic Molecules 
~~ - ~ ~ _ _ _ _ _ _  

In the ea r ly  fif t ies,  interest  began to  increase  rapidly in the non- 

equilibrium high temperature  gas dynamic s of homonuclear diatomic 

molecules.  The problems of miss i le  re-entry focussed r e sea rch  first 

on oxygen and nitrogen. 

began to concentrate attention on the kinetics of hydrogen. 

A t  a l a t e r  date, questions of miss i le  propulsion 

At the same 

t ime,  the halogens began to receive considerable attention f rom a basic  

point of view because they provided tractable sys tems for  observations of 

the fundamental mechanisms involved in the kinetics of the homonuclear 

diatomic molecules.  

because of i ts  pract ical  importance and the thermal  and spectroscopic 

accessibil i ty of i t s  chemistry over a wide range of tempera tures .  

corresponding reasons of inaccessibility, nitrogen studies have been 

relatively spa r se .  

m o r e  o r  less in the middle but hydrogen would appear  to  be in a phase of 

waxing in te res t  because of i t s  role in nuclear propulsion. In the case  of 

nuclear propulsion, a knowledge of the nonequilibrium gasdynamics is 

vital to optimum conservation of recombination energy where hydrogen is 

the working fluid. 

the i r  catalysis  by various species has  been considered in detail  by means 

of numer ica l  solutions of coupled gas  dynamic chemical kinetic sys tems.  

The oxygen molecule has  received the most  attention 

F o r  

Hydrogen and the halogens may be considered to fall 

The effect of dissociation r a t e s  on specific impulse and 

2 

The techniques which have been used to measu re  the r a t e s  of d i s -  

sociation and recombination a t  elevated tempera tures  fall into two categories:  

(1) the following of the density behind the shock wave, and ( 2 )  the measu re -  

ment of the changing concentration of individual species .  The l i t e ra ture  on 

. . 
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the high tempera ture  ra tes  of oxygen and nitrogen has  been cr i t ical ly  

covered by M. Bortner  and J.  Golden. Some of the initial shock-tube 

studies of halogen dissociation ra tes  a r e  represented by Refs. 4, 5, and 

6 .  A m o r e  recent study of chlorine by means of rapid-response m a s s  

spectrometry is described in Ref. 7. The investigations of hydrogen 

dissociation kinetics a t  room and elevated tempera tures  a r e  included 

among Refs. 8-20. The most  popular technique used by investigators to  

follow the density behind a shock wave has been the application of in te r -  

ferometry,  with X-ray densitometry in second place.  These techniques 

have provided much interesting data but a r e  not specific to the species  

under consideration, 

dependent on the conditions and composition of the gas .  

Thus their  sensitivity to chemis t ry  i s  strongly 

The measurements  of the concentrations of individual species ,  

p r io r  to  the present  work, have in a l l  cases  consisted of following the 

absorption spec t ra  of the diatomic molecule. 

specific and h a s ,  again, yielded significant resu l t s .  However, the con- 

siderable sensitivity of the complex spectra  of the diatomic molecules 

to tempera ture  and p res su re  changes has to  be taken carefully into 

account. 

as OH and CN ra ther  than homonuclear dissociation, is relevant h e r e  

since i t  does follow the concentration of diatomic radicals  behind shocks. 

Radiation f r o m  f lash sources  of specific t ransi t ions of the OH o r  CN 

spec t ra  is  absorbed by the same transition of the same species  formed 

behind shock waves.  

This method i s  thus 

Another technique, 2 1  while concerned with f r e e  radicals  such 

The method is  referred to by the authors  as specific 

J 

ab sorb imet  r y  . 

3 AD-1689-A-3  
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Status of Dissociation Rate Studies of Hydrogen 

In the case  of the hydrogen molecule, a l l  th ree  of the techniques 

mentioned have been used but with varying resu l t s .  

over th ree  o r d e r s  of magnitude and disagree widely even fo r  a given third 

body of recombination. 

hydrogen in t e r m s  of the recombination r a t e s ,  mos t  of them calculated 

f rom dissociation ra tes  measured  a t  high tempera tures .  Also included 

a r e  a number of room temperature  and one high tempera ture  recombination 

measurements  made at considerably ear l ie r  dates  by various other methods,  

many of them involving catalytic heating which is difficult to reproduce, 

is c lear  that while significant steps have indeed been taken in the investigation 

of the high tempera ture  nonequilibrium gasdynamics of hydrogen, considerable 

s tudy remains to be done. 

The data a r e  spread 

Figure 1 i s  a graphical summary  of the data fo r  

It 

It has  been the intent of the present program to follow the concentration 

behind the shock wave of the atomic species i tself ,  in this ca se  the hydrogen 

atom, by applying the technique of a .  r .  a. s .  in the vacuum ultraviolet. The 

idea in principle is to  c rea te  a spectroscopic sys tem in which the light source 

emi ts  the same resonance line frequency a s  is absorbed by the atom under 

investigation. 

respec t  t o  the product and employs a spectrum inherently simple in nature .  

It s implif ies  significantly the spectrometric problem especially i f  the source  

line i s  thin compared with the absorbing line. 

spectrophotometer then functions only to isolate the Lyman o( line f rom 

any neighboring l ines.  

ditions f o r  high light intensity. 

This method of measuring reaction r a t e s  is specific with 

Under such conditions, the 

Wide s l i ts  can thus be used providing optimum con- 

The relative thinness of the source line can 

4 AD-1689-A-3 



I 

be achieved if one uses  a cool, low pressure light source andabsorbing 

atoms which a r e  in a hot, high pressure medium. The present  report  

descr ibes  initial resul ts  obtained by meeting those conditions through the 

use of a continuously operating 

o( 

radiofrequency-powered source  of Lyman 
0 

radiation at 1215. 7A, which is absorbed by the hydrogen atoms forming 

behind a shock wave. The attenuation resulting f rom this absorption process  

is quite high and, in fact ,  is complete f o r  values of P,, l e s s  than a micron  

under some conditions. The advantages and disadvantages of such high 

sensitivity and projected methods fo r  decreasing it a r e  discussed l a t e r  

in this report .  

5 AD-1689-A-3  



. 
11. ATOMIC RESONANCE ABSORPTION SPECTROPHOTOMETRY 

O F  THE HYDROGEN ATOM 

His tor ic  a1 Background 

The f i r s t  and, a s  far a s  i s  known, only previous attempt to follow 

the chemical kinetics of atomic hydrogen by means of a .  r. a .  s .  is that 

ca r r i ed  out by Preston" in the late thirt ies.  Attempts were  made to  

follow recombining H a toms formed a t  room tempera ture  by means of 

a discharge.  A flash light source of Lyman o( was used. While a 

change in atomic hydrogen concentration was noted, only surface recom-  

bination could be followed. Here it will be noted, the pressure- tempera ture  

( P-  T ) conditions of light source and absorbing sys tem were  inverse 

f r o m  those se t  up as the c r i te r ia  in the present  r e sea rch .  During this 

same period, mos t  of the ea r ly  quantitative work on a.  r .  a. s .  was pe r -  

formed using mercu ry  vapor23 in equilibrium sys tems fo r  the purposes 

of studying line shapes.  The f i r s t  application of a .  r .  a. s .  using the P-T 

cr i te r ion  of source and absorber  a s  discussed, to the absolute de t e r -  

mination of the concentration of specific atomic species ,  i s  believed to 

be that of Vidale. 24 He applied a. r. a .  s. to  the measurement  of the very 

small  par t ia l  p re s su res  of sodium and other atomic species  over re f rac tor ies  

in equilibrium in a high temperature  furnace. While a .  r .  a .  s .  has ,  since 

that t ime,  become a widely used and routine analytical  tool for  meta ls  in 

f lames ( see  Ref. 25 f o r  a review of this application) it is there  employed 

mostly through empir ical  calibration. 

Theoretical  Bases  for  the Experiments 

The same spectroscopic principles employed by VidaPe (loc.  c i t .  ) 

f o r  equilibrium sys tems a r e  valid f o r  our non-equilibrium sys tem.  In 

a * 

6 
i 
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view of his discussion, 24 the theory will be only briefly reviewed. 

equations and theory f o r  line broadening a r e  amply discussed in the c l a s -  

s ic  books by Mitchell and Z e m a n ~ k y ~ ~  and Tolansky. 26 The experiment,  

the details  of which a r e  described in the next section, consists of measuring 

the attenuation of the Lyman o( radiation of a cool, low p res su re  light 

source by the hot atomic hydrogen formed behind a shock wave. 

transit ion involved both for  emission and absorption is known as Lyman a 

and takes place f rom the ground electronic s ta te  of the hydrogen atom to 

its first excited level ( I S-2 P). The attenuated signal , result ing 

f rom H a tom absorption a t  a given wavelength 3 and original intensity 1, 

i s  given 

atomic hydrogen and the path length, by 

The 

The 

2 2 

in t e r m s  of the absorption coefficient, the par t ia l  p re s su re  of 

All symbols a r e  defined in the list at the beginning of the report .  

indicated previously, it is assumed that the source line is  thin with r e -  

spect to  the absorbing line so that the absorption coefficient due to  the hydrogen 

a tom behind the shock can be calculated at  the center  of the line of the abso r -  

bing hydrogen atom. 

wave a r e  Doppler, due to  temperature ,  and Lorentz ,  due to p re s su re .  

Other types of broadening such as Holtzmark, S t a rk  and natural  may be 

neglected under the present  conditions fo r  reasons  of low hydrogen atom 

concentrations,  low ion levels and relatively la rge  Doppler effects, respec-  

tively. A s  f a r  as the source is concerned both p re s su re  and particle t em-  

pera ture  a r e  known to be low compared with conditions behind the shock s o  

that the source  line can  be assumed to  be thin compared to the absorbing 

A s  

The two major  sources of broadening behind the shock 

7 AD-1689-A-3 
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l ine.  The e r r o r  introduced if this latter assumption is not valid has  

been discussed quantitatively in Ref. 24 for  conditions comparable with 

the present  and is shown to be approximately 10% so that it a l so  can  be 

neglected in this  initial study. 

The only other possible source of e r r o r  in the spectroscopic cal-  

culations is that due to  a shift in frequency and asymmetry of Lyman O( 

with p res su re .  The effect has  been shown to be small, of the o rde r  
24 

of 5 to 10% under conditions similar to the present ,  and is a l so  neglected 

fo r  the present .  

On the basis  of the foregoing, the absorption coefficient ko3 
of Lyman o( radiation f rom the source by the ground-state hydrogen 

23 atoms behind the shock wave can be accurately calculated: 

where .& is the absorption coefficient a t  the line center for  the case  

of Doppler broadening only and is given by 

fo r  a par t ia l  p re s su re  of hydrogen atoms of 1 a tmosphere.  

The details  of the experimental  application of these principles a r e  

descr ibed in the next section; f i r s t ,  with respect  to the development of 

8 AD-1689-A-3 
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the light source and second, in t e r m s  of the adaptation of the light source 

and optical sys tem to the shock tube. 

9 AD- 1689-A-3  



111. EXPERIMENTAL 

Development and Evaluation of the Light Source 

A major  portion of the experimental effort was devoted to the 
0 

development of the narrow-line Lyman 

sufficient intensity to provide a satisfactory signal-to-noise ra t io  a t  the 

detector a f te r  adaptation to the shock tube. The initial concept of the 

source was one of low total p re s su re  and minimum the rma l  excitation 

to insure the emission of a narrow Lyman o< line. Thus in the p re -  

l iminary design of the source,  the total p re s su re  was held below 2 mm 

Hg and the means of excitation was 3 0  to 3 5  m c  radiofrequency (RF) 

radiation. 

with a noble c a r r i e r  gas to  counteract l o s s  of energy by recombination and 

self -absorption effects. 

in the construction and testing of the following three source configurations. 

o( (121 5 .  7A) source  of 

In addition, provision was made for  dilution of the hydrogen 

The implementation of these concepts resulted 

Static Source with Lithium Fluoride Windows 
~~~ ~~~~ ~ 

This ,  the initial source ,  was intended pr imar i ly  to check the 

effectiveness of the 3 0 - 3 5  mc R F  discharge for  excitation of Lyman 

The source  consisted of a 12 mm i. d. pyrex pipe with a sealed lithium 

fluoride window 20 mm in diameter  and 1. 5 mm thick. The R F  energy 

was applied to the discharge tube by means of two parallel-plate copper 

e lectrodes external to  the tube which was filled with hydrogen and helium 

a t  des i r ed  static p re s su res .  

O( . 

The spec t ra l  emission of the source was detected at the exit s l i t  

of the monochromator by means of an RCA 1P21 photomultiplier coated 

. 
10 AD-1689-A-3 

t 



c 

with sodium salicylate.  

a means of detecting the VUV radiation. 

was indicated on a recording potentiometer. 

The visible fluorescence of the coating provided 

The output of the photomultiplier 

Interpretation of the data obtained f rom this source was difficult 

due to  a significant decrease  in the t ransmission of the LiF window with 

running t ime of the discharge.  

ration was attr ibuted to  the deposition of hydrocarbons f rom the window 

sealants effused and deposited via the discharge and to  other compounds 

a r i s ing  f r o m  discharge bombardment of the tube walls.  

Lyman o< 

respect  to  ultimate requirements that further work was abandoned on 

sources  in  which discharge contacted the LiF window. 

The major cause of the signal deter io-  

The maximum 

intensity obtained with a new LiF window was s o  low with 

Open-tube Windowless Source 

A windowless source was constructed to investigate the feasibility 

of applying differential pumping by replacing the LiF window with a p re s -  

sure  gradient resulting f rom the expansion of the gas  f rom the source 

into a vacuum chamber.  

R F  field is g rea t e r  in the higher pressure  regions of the source,  the 

p re s su re  gradient a t  the exit se rves  as  an aerodynamic window which 

prevents the discharge f r o m  extending beyond the opening into the vacuum 

chamber.  However, the large gradient allows the Lyman o( radiation 

to pass  through the low density, expansion region on the vacuum side of 

the opening with minimum attenuation due to  self-absorption. 

initial Source of this type the spectrometer entrance chamber  was used 

to  effect a p r e s s u r e  gradient between the source tube and the main spectro-  

Since the conductivity of the excited gas in the 

In the 

m e t e r  vacuum chamber.  

11 AD- 1689-A-3  
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The source tube consisted of a 10 mm i. d. pyrex tube, 20 c m  long, 

the open end of which was placed approximately 3 mm f rom the mono- 

chromator  entrance sli t .  The other end of the tube was connected to 

the source-gas  meter ing system. 

plus c a r r i e r  gas was allowed to flow through the monochromator entrance 

sli t  whence it expanded into the main vacuum chamber in which a vacuum 

was maintained by a high capacity diffusion pump. 

by applying 30  to 3 5  m c  R F  radiation to two external  ring electrodes which 

were  spaced 15 c m  apa r t  with the front electrode positioned 10 mm f rom 

the spec t rometer  entrance s l i t .  

velocity, d ry  air s t r e a m  directed at the electrodes to  dissipate the heat 

caused by the discharge.  

In operation a mixture of hydrogen 

The gas was excited 

The source tube was cooled by a high 

In this  type of source,  the excited molecules and atoms f rom the 

discharge flow through the monochromator entrance slit and expand into 

the main vacuum chamber of the monochromator. Therefore ,  a slight 

possibility of damage to the MgF2 coated grating existed.  

ful monitoring revealed no significant loss of grating reflectivity e i ther  

at 1800A o r  at 1215. 7A. The Lyman o( signal obtained f rom this source  

However, c a r e -  

0 0 

I was 6 0  t imes  more  intense than that from the previous s ta t ic  source.  

Final  Windowless Source 

In principle this source,  to which all succeeding discussion per -  

tains,  is the same  as the open-tube source but was modified by the 

addition of a 1 by 10 mrn slot a t  the emitting end of the source tube. 

This slot served a s  the aerodynamic window' and a l so  minimized contact 

of the discharge with the monochromator s l i t  jaws.  

I 
The source  tube was 

12 AD-1689-A-3  



constructed f rom a 30 c m  length of 10 mm i. d.  medium-wall quar tz  

tubing which was sealed and then slotted a t  one end in a manner  to pro-  

duce a flat, uniform slot. 

monochromator with a n  "0" ring-sealed mount which placed the slotted 

end about 3 mm from the entrance sli t  jaws with the slot paral le l  to  

the monochromator sl i t .  In this position, the source energy radiated 

through the slot m o r e  than filled the acceptance angle of the mono- 

chromator .  In operation, the gas flowing through the source passed 

through the slot and was partially expanded into the s l i t  antichamber 

whence i t  was pumped through the monochromator s l i t .  

The source tube was attached to the VUV 

The choice of electrode configuration represented a somewhat 

a r b i t r a r y  compromise between source intensity and dielectr ic  heating 

of the source  tube. Flat plate electrodes above and below the source 

tube produced a uniform discharge of low intensity which spread  over 

a la rge  region of the source.  

producing a high source intensity caused severe  dielectric heating. 

The ring or  band electrodes were chosen because the R F  field strength 

and thus the dielectric heating between electrodes could be controlled 

by a s imple adjustment of their  separation. 

combinations of connecting two electrode and three electrode sys tems 

to the t r a n s f o r m e r  secondary, the three electrode sys tem (in which the 

front and r e a r  bands were  connected to the secondary te rmina ls  with 

the middle electrode grounded) was found to produce almost  twice the 

Lyman o< intensity obtained with the two electrode sys tems.  

Coiled copper tubing electrodes while 

After trying all promising 

13 AD-1689-A-3 



The 3 / 4  in. i. d. by 1 / 4  in. wide copper band electrodes were  

made f r o m  flattened copper tubing with the ends s i lver  soldered to-  

gether to produce a smooth band with rounded edges. 

spacing of 5 c m  between front and middle e lectrodes with the r e a r  

electrode 10 c m  f rom the middle was  selected to  give maximum Lyman 

O( intensity with a dielectrlc heating rate which could be counteracted 

by cooling the region near  the electrodes with a d ry  air s t r e a m .  

electrodes were concentrically suspended by three  asbestos  blocks 

wedged against  the source tube to a l low the d ry  air s t r e a m  to flow 

between the electrodes and the source tube where most  heating occurred .  

The electrode 

The 

The 30 to 3 5  rnc R F  energy was supplied by a 200 watt oscil lator 

of the cornmerical  dielectr ic  heating type which was coupled to the 

source electrodes through a coaxial transmission line terminated in a 

balanced isolation t ransformed coil. The impedance of the t r ans fo rmer  

secondary coil was designed to  provide reasonably good energy t r ans fe r  

for  a range of load impedances.  

charge was not measured quantitatively due to the difficulty of defining 

the impedance of the quasi-plasma discharge and electrode configuration. 

It is  quite probable that only a fraction of the R F  oscil lator power was 

t ransmit ted to the s5urce d ischarge ,  

The RF’ energy delivered to  the d is -  

The spectrum in the Lyman ~g region emitted f rom pure hydrogen 

in the final source is shown in Fig.  2 f o r  a manifold p re s su re  of 0. 5 mm 

.) . 

c 

Hg. 

is of the o rde r  of 2 to  3 A in the 1200A spec t ra l  region. 

identified a s  molecular hydrogen bands a r e  In  good agreement  with the 

The resolution of the spectrometer ,  which will be descr ibed l a t e r ,  
0 0 

The wavelengths 

14 AD-1689-A-3 



. 
bands observed by Dieke27 and Herzberg. 28 The intensity of the molecular  

bands increases  as the source pressure  is increased  while the Lyman o( 

intensity remains near ly  constant, due to increased concentration of mole- 

cular  hydrogen. The bands a r e  absent when helium is used instead of 

hydrogen a t  the same  source p re s  sure ,  thus eliminating the possibility 

that  these bands might be due to  impurities removed f r o m  the source  

tube walls by the discharge.  
0 

The rat io  of the 1218AH2bandintensity to the Lyman d fo r  this 

source is 870 which may be compared with 30 to 5070 fo r  a typical d i rec t  

cur ren t  capillary discharge source29 where strong the rma l  excitation is 

present .  

application due to  i ts  inclusion in  the 8A spec t ra l  bandpass used in picking 

up Lyman o( . This bandpass resulted f rom the wide s l i t s  used in o rde r  

The intensity of the 1218 molecular band i s  important in this 
0 

to  obtain energy f rom a l a rge r  a r e a  of the source .  Addition of helium 

c a r r i e r  gas  suppresses  the effect of the molecular  band to  l e s s  than 0.  5% 

as shown in Fig.  3. In the final source configuration where the discharge 

was confined at a manifold p re s su re  of 3 mm Hg the rat io  is l e s s  than 0. 1%. 

A s  will be shown l a t e r ,  the spec t ra l  purity of the Lyman o< radiation is 

fu r the r  proven in the shock tube experiments by the complete absorption of 

i t s  radiation by the hydrogen +toms behind the shock. 

The performance of the source f o r  helium and argon c a r r i e r  gases  

as a function of manifold pressure  measured a t  a distance g rea t e r  than 

100 c m  f rom the source is shown in Fig.  4 fo r  a constant par t ia l  p re s su re  

of hydrogen. As inight be expected, the l ighter  helium c a r r i e r  gas  does not 

produce as much deexcitation and recombination of H a toms by collision as 
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does the argon.  Thus a higher Lyman o( intensity is observed with 

the helium c a r r i e r  gas .  

flow 

At a manifold p re s su re  above 2. 5 mm Hg, the l inear  

velocity in the source causes  the discharge to  confine between the 

front e lectrodes a s  shown in F igs .  4 and 5B with a marked increase  of 

1.  5 t imes  the intensity observed with the diffuse discharge shown in F igs .  

4 and 5A. The most  plausible explanation fo r  the confinement is that the 

high l inear  flow velocity (approximately 500 c m / s e c )  in the source sweeps 

the ions which a r e  formed between the two r e a r  e lectrodes into the region 

of the front e lectrodes before  deionization can occur .  

the gas  a high conductivity which is  then sustained by the s t rong R F  field 

This produces in  

between the front e lectrodes.  The appearance of the confined discharge 

was that of a pinkish-white glow extending f r o m  the source slot to the 

middle electrode as i l lustrated in F i g .  5B. It is  of much lower intensity 

than the central ,  pinkish-white core  shown in Fig.  5A fo r  the diffuse d is -  

charge.  
0 

Since helium has  a resonance line a t  1215A, the background spectrum 

of pure helium was scanned in the Lyman 

discharge and a manifold p re s su re  of 3 mm Hg. 

o( region using the confined 
0 

The 1215A helium line 

was observed at an  intensity of l e s s  than 1% of the Lyman o< intensity 

f o r  the conditions shown in Fig.  5B. 

The effect of hydrogen concentration was examined fo r  confined d is -  

charge at a manifold p re s su re  of 3 mm Hg and was found to  resu l t  in a 

r a the r  broad maximum in the region of 20 to  2570 a s  shown in Fig.  6 .  

Thus a f te r  optimization of the various pa rame te r s  discussed,  the 

Iqman  o( intensity of the final source as used in the shock-tube 

16 AD- 1689-A-3 



. 
experiments  yielded a signal of adequate intensity with a signal-to- 

noise ra t io  of 30 a t  the detector when operated at a manifold p r e s s u r e  

of 3 mm Hg and a par t ia l  p re s su re  of H 

with the initial LiF-window source,  this represents  a n  increase  of 1500 

t imes  in Lyman M intensity. 

Adaptation of the Light Source to  the Shock Tube 

of 0. 5 mm Hg. Compared 2 

F o r  the shock tube experiments,  i t  w a s  necessary  to  pass  the 

radiation f r o m  the source through the shock tube and then into the mono- 

chromator .  

difficulties because of space limitations. 

to the shock tube wall. 

shock tube window in o rde r  to minimize light l o s ses ,  the most  se r ious  design 

consideration involved the problem of window deterioration. 

a r e  susceptible to  a deterioration effect known a s  "solarization1' which is 

brought about by strong ultraviolet radiation o r  contact with ions.  

solar izat ion leads to  a severe  loss  of t ransmission in the vacuum ultraviolet ,  

a grea t  e f for t  was made to avoid it. 

design in  t e r m s  of this and other problems. 

Adapting the source directly to  the shock tube presented some 

Figure  7 shows the source  mounted 

Since the source tube had to be quite close to the 

LiF windows 

Since 

Subsequent discussion descr ibes  the 

Light Source 

The source tube, a s  previously described, was of fused quartz  with 

the discharge end sealed except fo r  a 1 mm x 10 mm slot.  

minimize lo s ses  due to self-absorption effects,  the radiation f rom the slot  

mus t  encounter as little atomic hydrogen as possible.  To accomplish this ,  

a low p r e s s u r e  expansion chamber was provided between the slot and the 

shock-tube window which allowed the molecules, a toms,  ions and electrons 

In o rde r  to  

c 
c 
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emerging f rom the source slot to diffuse radially a s  much a s  possible. 

This radial  diffusion prevented any part of the discharge which protruded 

downstream of the slot ( see  F igure  5-B) ,  f rom being too concentrated 

nea r  the window. 

and far upstream in the source tube indicated that a tenfold p re s su re  drop 

was achieved a c r o s s  the source slot .  

ra te  were  cortrol led with a thrott le valve. 

P r e s s u r e  measurements  made a t  the expansion chamber  

Source tube p r e s s u r e  and gas  flow 

The LiF window was a l so  protected to a la rge  extent by the slit 

plug which sealed it to the shock tube by means of a Viton "0" ring. The 

mean f r e e  path of hydrogen and helium is l e s s  than 1 mm a t  the p re s su re  

maintained in the expansion chamber  (approximately 0.  7 mm Hg). Since 

the window sli t  plug was thicker than several  mean f r e e  paths,  i t  a l s o  helped 

prevent ions, excited atoms and molecules f rom reaching the window. 

This mounting arrangement  which sealed the window with a Viton l lO1r  

ring great ly  facilitated the changing of windows when necessary .  

The quartz  tube w a s  mounted in the lucite wall with a Viton r lOr l  

r ing thus providing a vacuum tight seal between the expansion chamber  

and the electrode chamber.  It a l so  allowed the distance between the source 

l 

I tube and the window to be adjusted s o  that window deter iorat ion could be 

I fu r the r  reduced, i f  necessary,  b.y pulling the source tube back. However, 

in prac t ice  very l i t t le window deterioration was encountered s o  that the 

1 source  tube was pushed to within a few mm of the window. 

1 One of the problems compounded by the adaptation of the source to  

~ 

the shock tube is that of good R F  coupling between the electrodes and the 

p lasma.  A s  previously discussed,  good coupling is necessa ry  in Grder t o  

18 AD-1689-A-3  
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obtain high Lyman o( source intensity. To achieve this effect, the 

R F  electrodes must  be placed a s  close to the plasma and a s  f a r  f rom 

meta l  walls and par t s  of the shock tube as  possible. 

requirements ,  the source must  be a s  close to the shock tube a s  practicable 

in o rde r  to  illuminate a s  completely a s  possible the collimating sys tem 

defined by the two shock tube window slits. The shor t  optical path a l so  

reduces recombination effects. 

tube and nearby meta l  par t s  was minimized by using mater ia l s  of high di-  

e lec t r ic  strength between the R F  electrodes and the metal  environment. 

h c i t e  was employed in the source tube mount because of i t s  high dielectr ic  

strength,  t ransparency and ease  of machining. 

In spite of the above 

Unwanted R F  coupling with the shock 

The quartz  source tube, electrode rings and lucite walls were  cooled 

by a je t  of a i r  directed s o  a s  to fo rm a high speed a i r  vortex around the 

forward portion of the source tube. 

tube in the vicinity of the "0" ring gland and the f i r s t  e lectrode,  where R F  

heating can  be leas t  tolerated.  

It i s  this forward portion of the source 

Shock Tube 

The shock tube used imposed several  conditions on the experiment.  

The tube, the only one of rectangular c ross  section available, had been 

fabricated seve ra l  yea r s  previously by welding together s tee l  plates to 

f o r m  the four walls which were further strengthened by angle i rons con- 

tinuously welded lengthwise over the outside co rne r s .  

c r o s s  section had inside dimensions of 1 1/211 x 2 1/211 and a 3 / 4 "  w a l l  

thickness.  

except f o r  the short  t es t  section to which the source was mounted. 

The rectangular 

The ent i re  driven section w a s  made up of sections of this type 

The 
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t es t  section was fabricated by welding a stainless s tee l  plate to the open 

side of a s ta inless  s tee l  piece having a 1 1 /2"  x 2 1/211 slot machined length- 

wise along one side.  

r ing- sealed flanges. 

A l l  of the above sections were  joined together by t tOf l  

Due to the method of construction, the shock tube had vir tual  leaks 

which led to  considerable outgassing and the welds had a tendency to develop 

sma l l  leaks when subjected to the pressure pulses that occur during shock 

runs. 

approximately 1 micron/minute  and could not be pumped down to l e s s  than 

0. 1 micron .  The 

extent to which it influenced our data will be discussed l a t e r  in the repor t .  

Because of these conditions, the shock tube had a leak- ra te  of 

This condition had a noticeable effect on the gas purity.  

Notwithstanding the aforementioned fac tors ,  the tube did serve  to 

demonstrate  the feasibility of the experiments and provided data f rom which 

ra te  constants could be calculated. Furthermore,  the rectangular c r o s s  

section of this shock tube made i t  ideal for  optical absorption work, since it 

permit ted the use of flat windows nearly flush with the inside wal ls .  This 

configuration provided a practically constant optical path length a c r o s s  the 

tube and avoided the cylindrical lens effect that would have been present  i f  

a c i r cu la r  shock tube with curved windows had been used. 

The Total System 

The ent i re  sys tem including the gas-meter ing and vacuum pumping 

sys tem is shown along with the more  pertinent electronic apparatus  in Fig.  

8. Hydrogen and helium entered the system through rotameter- type flow 

m e t e r s  and were  metered  into the source tube through calibrated-leak valves.  

The meter ing sys tem and source tubing were purged pr ior  to initiating source 
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The beam of Lyman o< radiation emitted by the discharge was 

defined by the window s l i t s  and focussed on the entrance s l i t  of the spec-  

t rograph by a MgFZ coated aluminum m i r r o r  in a n  evacuated chamber .  

The geometry of this m i r r o r  sys tem was so  chosen that one of i t s  conju- 

gate points lay a t  the center of the shock tube between the two LiF windows 

while the other was located at the entrance s l i t  of the spectrograph. 

this  way, all of the light emerging from the second shock tube window 

was brought into the spectrograph and completely filled the grating. 

resul ted in the best  compromise between radiation economy and shock 

front resolution by keeping the beam as nar row as possible.  

t 

In 

This 

c 
L 
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The vacuum ultraviolet monochromator made i t  possible to  sepa-  

radiation f rom the unwanted radiation produced by ra te  the Lyman o( 

the source tube and the shock-heated test gas.  

230-S vacuum ultraviolet monochromator employing a 1200 line per  

mm,MgFZ-coated, concave grating was used with a 15" exit tube. 

entrance and exit s l i ts  were  1 mm and 0. 5 mm wide respectively,  inas-  

much as the resonance line technique used here in  allows the use  of wide 

slits. Lyman o< radiation emerging f rom the exit s l i t  was detected 

by means of the fluorescence f rom a sodium salicylate coated EM1 9558B 

end window photomultiplier. 

A MacPherson Model 

The 

I 

The absorption measurements  resulting f rom the passing shock 

front were  recorded on an  oscilloscope. 

by the signal obtained f rom shock wave pickup No. 1 while the digital 

t i m e r  recorded the shock wave t rave l  time a t  each of the three  shockwave 

pickup stations.  

t u re s  were  obtained f rom these measurements.  

The oscilloscope was t r iggered 

The shock velocities and consequently shock tempera-  
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IV. RESULTS AND DISCUSSION 

The Data and Thei r  Reduction 

The f inal  shock-tube source configuration yielded a Lyman o( 

output s imi la r  to  that of the configuration in which the source was 

connected directly to  the spectrograph. 

fo r  good discharge confinement and optimum Lyman O( output was 

approximately the same as for  the previous sources  (5  to 7 mm Hg). 

A l s o ,  the proportion of hydrogen needed in  the helium mixture  for  

optimum brightness ,  between 8'7'0 and 1070, was a l so  s imi la r  to  the 

e a r l i e r  sources .  

The g a s  p r e s s u r e  required 

Window deterioration was effectively minimized s o  that only 

one change of windows was required during the ent i re  course of the 

t e s t s ;  a window change was deemed necessary only when i t s  t r ans -  

mission had dropped by 50%. 

The operational signal-to-noise ratio was not too favorable 

pr imar i ly  because of problems with the photomultiplier tube and the 

fact  that the source intensity w a s  not sufficiently intense to  overcome 

the additional light losses  incurred i n  adapting it to  the shock tube. 

Due to  mechanical damage o r  age,  the photomultipliers developed 

excessive shot noise. 

nated awaiting renewal before new photomultipliers could be installed. 

In spite of these adverse  fac tors ,  the absorption of the Lyman o< 

radiation by atomic hydrogen resulting from dissociation in the shocked 

t e s t  gas  w a s  very evident. However, without e lec t r ica l  f i l tering of the 

The laboratory program was temporar i ly  t e rmi -  

.b ,,* 

A te s t  ca r r i ed  out under identical shock conditions, but using only 
a rgon  as a tes t  gas  showed no evidence of attenuation (See Figure 11) .  

0 * 
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photomultiplier output, the signal-to-noise ra t io  was too low to yield 

reliable shock-tube reaction r a t e s .  For  example, Fig.  9 indicates 

a relaxation t ime 7, (t ime for  signal to  reach //e of I, ) some-  

where between 25 and 125 microseconds.  The presence of excessive 

tube noise prevented a bet ter  es t imate  from being made since the noise 

pulses could not be adequately averaged out in the portion of the t r ace  

where the absorption was changing a t  the highest ra te .  

By increasing the photomultiplier load resis tance,  i t  was possible 

to  f i l ter  out most  of the electronic noise with a corresponding sacr i f ice  

in detector response t ime.  

taken under conditions s imi la r  to those corresponding t o  Fig.  9. 

f i l ter  t ime constant ‘E4 (= RC) was 282 microseconds in Fig.  1 and 

the relaxation t ime constant rr l e s s  than 100 microseconds.  Even 

though the I /L,  data suffer a t ime distortion due to  the f i l t e r ,  it was 

s t i l l  possible to compute Z‘+ 

t rue  fo rm of I/I, . Appendix I describes the technique used to com- 

pute Tr  f rom the fi l tered scope data. F igures  10 and 11 were taken 

under a lmost  identical shock conditions. Helium was used a s  a dr iver  

gas  at 117 psig with the driven gas consisting of 1% hydrogen in argon 

at a total  p re s su re  of 45 mm Hg. Figure 12  w a s  obtained with a helium 

d r ive r  p r e s s u r e  of 71 psi  and a driven p res su re  of 15 mm Hg consisting 

of 0. O82yO hydrogen in argon. 

culated in  the manner indicated. 

obtained f r o m  CAL IBM computations. 

Figures  10 through 12  show fil tered data 

The 

f rom the fi l tered data since we know the 

The table below shows t ime constants cal-  

Also given a r e  the shock tempera tures  

29 

L) . 
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TABLE I 
F igure  Shock Velocity zr Gas Temp. (OK) 

10 1 . 2 6  x 10 c m / s e c  7 0  psec 1675 

11 1 . 2 7  x 10 c m / s e c  74 psec 1710 

12 1 . 4 5  x 10 c m / s e c  155 psec 2145 

5 

5 

5 

F r o m  these data,  preliminary values of the specific dissociation 

rate  constant, Ad were calculated for the reaction 

H 2 t M j  H t H t M  

using the kinetic fo rm 

F r o m  this ,  one obtains by integration 
-Ad C" t 

% = I -  c.,, = / - e  

The optical attenuation of Lyman a( is given by 
-&e., P" I I/I, = e 

where kOs is calculated as shown ear l ie r  in the report .  In terms of 

the hydrogen a tom concentration this becomes 

k t t i n g  

-k, , in terms of the actual laboratory o r  oscilloscope time, becomes 

Values f o r  /a& in cc/mole-second have been calculated: A, has  been 

calculated f r o m  the equilibrium constant: 
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Figure  T2 OK 

1 7  10  1675 1 . 0 6  x 10  2 4 . 0  l . O x l 0  

11 1710 1 . 0 1  x 10 2 2.  8 5 . 4  x 10 

12 2145 4 .66  x 10  7 . 5  0 . 7 5  4. 8 x 1 0  

4 

4 

5 

16 

1 5  

a r e  the fraction of the H molecules dissociated "6- 2 Here  o( and o< 

at t ime Z, and at equilibrium, respectively. 
rr 

Int e r p re t  a t  i on 

It will be noted that very small concentrations of H a toms a r e  r e -  

quired f o r  optical extinction. This essentially eliminates the necessi ty  of 

considering the reverse  reaction and implies vir tual  constancy of the initial 

concentration of H On the other hand, the small concentrations of H used 2'  2 

makes  the reaction sensitive to  catalyzing impuri t ies  as will be discussed in 

the succeeding mater ia l .  

While these initial resul ts  must be considered prel iminary,  it  has  been 

of considerable in te res t  t o  compare them with calculated and reported values.  

I Comparison with Ad calculated from the collision theory equation using 

I the dissociation energy of H 2 as the activation energy and a probability factor  

P of 1,  shows the measured  rates  to be higher than those calculated, but 
I 

by a fac tor  which decreases  radically with increasing tempera ture .  This is 

~ 

shown in Table I11 ( Ad in cc/mole-sec)  and i s  a l so  apparent f rom Fig.  1 

where the A,'* a r e  compared with those f rom the cur ren t  l i t e ra ture .  

TABLE I11 

T, "K Ad (exper.) Ad (tale.) 

1675 1 x 10 

2145 4 . 7 x  10 

37 

4 . 2  x 10  

4 

5 4 
I :  

26 AD- 1689-A-3  



The rapid decrease  in the d ,  (exper.)/Ad (caic.)  ra t io  with 

increasing temperature  essentially precludes an explanation for  the 

high value for  

(vibrational and rotational) degrees  of freedom. 

could provide a factor  of 2 a t  most  for  the change of the 

,&(e~pec)/ Ad (talc.) ra t io  over the temperature  range involved. 

Fu r the rmore ,  such an explanation seems unwarranted in view of the 

uncertainty extant in this type of theory, especially when one collision 

par tner  i s  a monatomic iner t  gas .  

Ad in t e r m s  of energy contributions f rom internal 

The ( E / , T )  t e r m s  

An explanation for  the strong temperature dependence of 

A&d@~per . ) /Ad(ca,c .~  has  been found in te rms  of the presence of small 

amounts of oxygen known to  be present in the tube at the t ime of shocking. 

This factor  may  a l so  have contributed to the resu l t s  f rom previous inves- 

tigations. As mentioned in  the experimental section, leak  r a t e s  were  

carefully measured  a s  the experiments proceeded s o  that it has  been 

possible to  make a good est imate  of the total p re s su re  of air  in the tube 

a t  run t ime.  

microns  in the succeeding considerations and is undoubtedly a reasonable 

value. 

The par t ia l  p re s su re  of oxygen has  been taken to  be 2 

Basically, the consideration becomes one of comparing the r a t e s  

of the following two reactions.  

H2 t A r  *d(A')> H t H t A r  

Ad (0,) > H t H t 0 ___f add ' l  products H2 O2 2 

I 
c 
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It i s  apparent that the H -0 2 2  

nature ,  i s  offered little o r  no rate  competition by the highly endothermic 

H - A r  reaction for  given s tar t ing reactant concentrations,  i .  e .  , 

k, (02)bd(Ar)>>\. The question here becomes only one of whether 

&d@&$) i s  sufficiently large to overcome the smal l  value of the con- 

reaction, chain-branching o r  explosive in 

2 

I 

cent ra t  ion - product ra t  io 

/ To test  this hypothesis, a value fo r  Ad(&)  was calculated a t  

the lower temperature  f r o m  formula (1) using the known part ia l  p r e s s u r e s  

of H2 and 02, the la t te r  obtained from the est imate  descr ibed above. This 

gave the value of ,& l isted in Column I of Table IV ( &d in cc /mole-sec) .  

When this  value is substituted in the collision theory equation along with the 

appropriate  frequency factor  and p = 1, an activation energy of 51, 500 

ca l /g-mole  (Column 2) resu l t s .  This activation energy,  when applied to 

reaction I11 a t  2145°K provides the .& of Column 3 ,  8. 2 x 10 9 . This 

can then be compared with the experimental value of ,& obtained for  

these conditions by using Formula  (1) as was done fo r  Column 1. This 

gives the value of Column 4 which differs f rom Column 3 by a factor  of 

2, a considerably bet ter  agreement  than in the case  of H2 t A r  as a l so  

compared in Table IV. 

TABLE IV 
2 - 1 - 

Temp. E, (-1 
Reaction ( O K )  Ad (exper.) from C O ~  

I11 H2 t O2 1675 2 . 4  x 10 51,500 

I11 H2 t O2 2145 

I1 H2 t A r  1675 1. 06 x lo4 85, 500 

I1 H2 t A r  2145 

28  

3 - 
d .&(cal'd 

1) f rom Col. 2) 

9 8. 2 x 10 

6 3 . 1  x 10 

4 - 

9 4 , o  x 10 

5 4"  7 x 10 
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It may be concluded f rom these considerations that one i s  dealing 

with a reaction of considerably lower activation energy than that of 

reaction 11. 

not warran t  extensive calculation of apparent activation energies  for  

the complex H2-02  sys tem behind shock waves. 31’ 3 2  However, i t  i s  

apparent that a marked lowering of activation energy must  be expected 

compared to the H2-Ar system. 

Since these data must  be considered prel iminary they do 

The effect of oxygen, in the amounts present ,  on the H dissociation 

rate  is not surpr is ing in view of the small concentrations of hydrogen used 

in these experiments.  

the shock tube used for  these initial experiments; it does r a i se  the ser ious  

question of the degree to  which these and other data reported in the l i t e r -  

a ture  may  have been s imilar ly  affected. 

designing future experiments as indicated in the last section. 

Conclusions 

2 

The presence of oxygen could not be avoided with 

This can bes t  be answered by 

The experiments described in this report  demonstrate  the feasi-  

bility of following with grea t  precision the rate of growth of atomic hydrogen 

behind shock waves by atomic resonance absorption spectrophotometry.  

Actual r a t e s  have been calculated from these data but must  be considered 

prel iminary because cer ta in  aspec ts  of the experiments a r e  subject to 

considerable improvement. While an  effective, continuously operating 

source of the Lyman 

an  increase  in the intensity of the recorded signal is desirable  for  future 

experiments  in o rde r  to increase the speed of response of detection of 

the signal output. 

o( line of atomic hydrogen has  been developed, 

It has  a l so  been shown that the presence of smal l  

c . 
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. 
amounts of oxygen o r  air may catalyze the r a t e s  of dissociation of the 

hydrogen molecule. It i s  planned, therefore, that the continuation of 

this r e sea rch  will be ca r r i ed  out in a high purity shock tube to  be con- 

s t ructed at CAL. The tube is designed specifically to  control the amounts 

of all important gaseous impurit ies.  

While the technique has  thus far been l imited to  the study of the 

hydrogen atom, it is planned to  explore the applicability of the technique 

to the measurement  of the time-dependent concentration of oxygen and 

nitrogen atoms behind shock waves. In addition, it is believed that this 

application of a. r. a. s. to shock tube gasdynamics can be modified to 

permit  measurement  of considerably greater  concentrations of atomic 

species .  This would be achieved by using a l ine-source of Lyman o( 

slightly removed in wave-length from the line center .  

deuterium instead of protium as the source gas  provides such a line. 

The use of 
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APPENDIX I 

Method of Computing r,. f rom the F i l te red  Scope Data 

+ 

When a signal of known form but underdetermined constants is 

- 

operated on by a simple f i l ter ,  the resultant signal can be analyzed to  

yield these signal constants i f  the fi l ter  constant is known. 

sent ca se ,  the f i l ter  is a simple RC network that is formed by the ca -  

In the p r e -  

pacitance and the load resis tance of the photomultiplier cable and 

oscilloscope input circuit .  The following diagram and differential 

equation descr ibe the simple RC f i l ter  driven by the t rue  shock tube 

t ransmiss ion  signal E ( t )  (assumed to be initially decreasing expon- 

I where: 
the total  f i l ter  load resis tance 

the total  f i l ter  capacitance 

the charge s tored  by the capacitive 
e le m ent s 

the maximum signal voltage (signal 
voltage before the shock occurs )  

the t rue  t ime constant of the shock 
tube reaction signal 

true input f rom photomultiplier 
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. 

In terms of the f i l t e r  output signal voltage (that recorded by the 

scope) we may write:  

where: 

(A-3 )  

€ - - the output signal voltage of 
f i l ter  (displayed on scope) 
= 8.P 

- - RC, the t ime constant of f i l ter  *$ 

The solution of Eq. ( A - 2 )  i s  

actually represents  I, (the light level in the absence of 

absorption) assuming that complete extinction takes  place, which indeed 

occurs  in our  case  as evidenced by the unfiltered data.  E ( t )  represents  

the light intensity 1, 
scope t r a c e  photographs. 

E o  

, measured  during absorption f rom the fi l tered 

(A-4 )  

can be computed by the method of i terat ion a f te r  Eq. ( A - 4 )  i s  
T P  

cas t  in tl- le form:  r +L 1 

(A-5)  

This  i s  of the fo rm 

rr = +(rr) ( A - 6 )  

The r ea l  root can be found by substituting an  approximate value of 

the root 't'r) into the right-hand part of ( A - 6 )  to  yield a bet ter  approximation 

r 

36 A D - 1 6 8 9 - A - 3  



. 

as follows: ( I  1 
r r  

This process  is repeated in the manner 

The above method of iteration will converge to  the solution only 

if  the derivative of 6 (rr) evaluated at Tr sat isf ies  the fol- 

lowing condition: 

In our  case ,  the derivative of ( A - 5 )  with respect  to  rr 

6 ' (2;) meets  the above condition so the process  applied to ( A - 5 )  

converges . 
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